The ultrastructural basis of light-induced transmission and light scattering changes of thalli of Ulva and Porphyra were investigated by high resolution electron microscopy and microdensitometry. The results show that upon illumination of dark thalli (a) a reduction in thickness of thylakoid membranes (conformational change), (b) a more regular ordering, and (c) flattening of the thylakoids (configurational changes) have occurred. An explanation for the observed conformational and configurational changes was proposed in terms of correlated changes in ionic environment and osmotic properties of chloroplasts in vivo which are initiated by photosynthetic reactions.
It is well established that structure and function are intimately related in chloroplasts in vitro, where the ionic environment and light are regulating factors in determining the size (19, 21) , configuration (2, 5, 7, 17, 24) , and conformation (16, 17) of isolated chloroplasts. Since study of the underlying mechanisms is facilitated by using isolated chloroplasts, such studies generally have given information upon the properties of the inner chloroplast membranes, the thylakoid membrane system, and/or the grana membrane system apart from an outer membrane. Isolated chloroplasts generally lose either part or all of their outer membrane (chloroplast envelope), and, hence, endogenous factors present in the chloroplast matrix are dissipated. There is, therefore, some difficulty in predicting a priori the properties of intact chloroplasts from studies in vitro. Indeed, Nobel (19) (20) (21) recently has studied this problem and showed that the ionic relations and efficiency of ATP synthesis are somewhat different in chloroplasts rapidly isolated from plants to preserve intact outer membranes. Likewise, it is well known from recent studies of Walker (28) , Jensen and Bassham (10) , and Kalberer, Buchanan and Arnon (12) that the integrity of outer membranes is necessary to preserve high rates of carbon cycle activity.
Therefore, the question how do chloroplasts behave in vivo with respect to the problems of ion transport and structure is important for clarifying the basic mechanisms underlying the regulation of chloroplast structure and function in vivo. In this regard Packer, Barnard, and Deamer (23) studied photometric properties and structural changes of chloroplasts in vivo under different ionic and light conditions by monitoring the transmission and light scattering changes and observing the structure by electron microscopy. This type of behavior was observed in the leaves of a number of different species of higher plants and also in the thalli of sea algae Ulva, Enteromorpha, and Porphyra. The latter were of particular interest because the thallus is only one or two cell layers thick. This obviates the necessity of performing vacuum infiltration in order to bring nutrients and test solutions to the leaf cells in a relatively short period of time. Moreover, the chloroplasts in the cells of these species are very large; hence the light-induced change in the photometric signal which reflects changes in chloroplast structure in vivo is proportionately very large with respect to the nonresponding background noise of unreacting cellular structures. Therefore, such marine algae offer considerable advantages for a thorough study of the factors which underly the control of chloroplast structure in vivo. The present investigation was undertaken to determine to what extent changes in chloroplast structure in Ulva and Porphyra could be predicted in vivo from present knowledge of the behavior of isolated chloroplasts with respect to the relation between ion transport and ultrastructure.
MATERIALS AND METHODS Preparation of Materials. Ulva (either Ulva expansa or Ulva lobata) and Porphyra sp. were collected in the vicinity of Bodega Marine Laboratory. A section of thalli (2 X 2.5 mm) was sandwiched between two black Bakelite frames and soaked for 40 to 60 min prior to the experiments in an incubation medium in the dark at low temperature. This procedure was used to deplete or to change the ionic composition of cells and to make sufficient supply of an electron transport cofactor. Incubation media employed in this study were (a) sea water, (b) 100 mM sodium chloride, and (c) 100 mm sodium acetate, and they contained either 20 /IM PMS3 or 2.5 mm potassium ferricyanide as an electron transport cofactor. pH of the incubation and other conditions are indicated in the legends for each experiment.
Measurement of Transmission and 900 Light Scattering Changes. For experiments where light-induced transmission and 90°light scattering changes in the thalli were examined, the procedure of Packer, Barnard, and Deamer (23) was employed. This consists of cutting a small section of thalli and locating it between two black Bakelite frames which fit within the cylindrical cuvette of the spectrophotometer. The thallus was oriented in the cuvette at 450 to the direction of measuring and actinic beams such that interference with reflected light from the surface of the material was minimized. Transmission was measured at 1800 using light from tungsten lamp ifitered at 546 nm. The intensity in the dark before illumination was adjusted to read 100% on the chart paper. In some experiments the 900 light scattering change at 546 nm was also monitored simultaneously with transmission changes in a Brice-Phoenix light scattering photometer equipped with two photomultiplier tubes according to the procedure mentioned above. The red actinic light used to induce transmission and light scattering changes (as a photometric parameter of structural changes of plastids) was isolated by means of a filter between 600 and 700 nm, and its intensity was 900 ft-c. The (15) according to the schedule recommended by Johnson and Porter (11) . Sections cut parallel to the surface of the thalli were stained with lead citrate and uranyl acetate (25) and observed in the electron microscope using either Simens Elmiskop II or RCA EMU-3H.
RESULTS
Photometric Studies. The initial experiments were performed to determine optimal conditions for inducing light-dependent structural changes in Ulva chloroplasts in vivo. Previous studies (23) had established that light-induced transmission, configurational, and volume changes which occur in leaves of higher plants and thalli of marine algae are enhanced by the presence of externally added electron transport cofactors. Table I shows the extent of this type of effect for transmission responses in Ulva. The results show that the greatest light-induced transmission decrease is ob- (5) tained when the tissue is in the presence of either cyclic (PMS) or noncycic (ferricyanide) types of electron transport cofactors. Although light-induced transmission changes occur even in the absence of electron transport cofactors, it is clear that the magnitude of the responses is considerably enhanced by the presence of such cofactors. In general ferricyanide has been found more effective in this regard when tested at optimal concentration (between 2.5 and 6 mM). In other experiments a comparison of the kinetics of the light-induced transmission changes for ferricyanide-or PMS-supported responses indicates that the rate of activation and decay of the transmission changes is also similar with both cofactors.
It is also worth noting that maximal cofactor stimulation of the light-induced transmission responses requires soaking of the thallus for 0.5 to 2 hr at 2 C. This time is presumably required for penetration of the cofactor to the chloroplasts within the cells. In higher plant leaves the technique of vacuum infiltration is necessary to insure penetration of the cofactor to the cells (23) . This procedure appears unnecessary in green algae because the Ulva thallus is only two cell layers thick.
These studies also show that the ability of Ulva to evidence light-induced chloroplast structural changes exists not only in sea water, the natural condition, but also in 100 mm solutions of various sodium salts at pH 7.
pH Dependence. A study has been made of light-induced transmission changes in the sodium acetate-ferricyanide system in the pH range 4 to 8.8. The largest light-induced responses occur in the range 6.9 to 7 2.
Inhibitors. A number of reagents known to affect light-dependent reactions associated with electron flow in chloroplasts have been examined for their effect upon the light-induced transmission changes in Ulva. While the site of action of the organic mercurial, phenylmercuric acetate, in photosynthesis is still under investigation (Starks and Packer, unpublished), this reagent is known to inhibit both electron transport and photophosphorylation processes (27) . Table I. Occasionally, however, peculiar responses of the type demonstrated in Figure 1 (bottom) have been observed. Upon illumination there is first a rapid decrease in transmission which suddenly reverses itself, resulting in a temporary transmission increase. After several minutes the transmission again slowly decreases so Figure 1 (top) . Hence, this experiment shows that under some circumstances illumination induces two opposing transmission changes. One seems associated with the light reactions in the chloroplasts. The other change, the "~spontaneous" reversal observed in the light, may reflect secondary water movements and resulting osmotic changes in the cells, possibly swelling. The latter effect seems likely to be related to the incomplete reversibility of the transmission responses already noted for the "usual" kinetic respa)nses (Fig. l, top) (Fig. 2) . The simultaneous recording of 90°light scattering showed an increase in the intensity of the light scattering upon illumination. Both changes were reversed by extinguishing the actinic light. In some cases, as shown in Figure  2, membrane structures (conformation) of plastids or mitochondria, or both. These are the questions which can be answered by examining the structural states of these organelles by electron microscopy and correlating the results with the corresponding metabolic states that are regulated by light conditions. Indeed, it has been established that the membrane system of chloroplasts in vitro (5, 7, 17) and in vivo (13, 21, 23) becomes flattened (photoshrinkage) upon illumination, which is accompanied by changes in internal structure of thylakoid membranes (16, 17 Figure 3A shows a part of cell of Porphyra thalli which was incubated in 100 mm sodium acetate, pH 6.6, containing 2.5 mm potassium ferricyanide in the dark. The cell is occupied by a single large plastid, and mitochondria appearing in a swollen configuration are also observed in cytoplasm at the periphery of the cell. The membrane system in the plastid consists of parallel running, undulating thyalkoids which seem to be in a swollen state. The intraspace of the thylakoids is so wide that the two walls (thalakoid membranes) of a single thylakoid are easily recognized even at such low magnification. Striking changes in the configuration of thylakoid occur when the thallus is illuminated by red light (Fig. 3B ) Thylakoids turned to a more stretched and flattened form, and, hence, it became more difficult to resolve the two walls of a thylakoid seen in this figure at low magnification. Mitochondria under the condition of continued illumination seem to be in a more contracted form. The structure of the thylakoids of Porphyra plastids in different light conditions was compared at higher magnificaton in Figures 4A and 4B in which the light-induced configurational change of the thylakoids from a swollen, wavy form to a stretched or contracted state is more clearly shown. Distance between two thylakoid membranes of a single thylakoid (measured as center-to-center distance of the membrane) varies widely from 125 to 700 A for the case in the dark (Fig. 4A) , whereas the values for illuminated plastids comes into a narrow variation between 95 and 125 A (Fig. 4B) . By comparing these two figures with close inspection of the dimension of the thylakoid membrane, reduction in thickness of the membrane can be recognized after illumination. It is also noted that distribution of stroma substance is more homogeneous in the plastid in the light.
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Light-induced flattening or contraction of thylakoid membrane system was demonstrated also for the chloroplasts of green algae, Ulva (Figs. 5 and 6 ). In Ulva chloroplasts two or more large thylakoids are organized into grana-like construction (stack of the thylakoids), though it is larger and more ill defined than the grana in the chloroplast of higher plants. This is clearly observed in the chloroplasts of thallus incubated in the dark (Fig. 5A) , since under such condition the thylakoid is in a swollen configuration.
When the thallus is illuminated, there occur dramatic changes in chloroplast structure (Fig. 5B) ; the thylakoids stretched, and thylakoid stacks became very tightly packed. This observation also suggests shrinkage of chloroplast as a whole, but it cannot be demonstrated so evidently by electron microscopy because of irregular shape of a large chloroplast in the Ulva cell. In the chloroplasts under dark incubation two thylakoid membranes are recognized in "partitions" in the membrane stacks, and the intraspace of the thylakoid can be seen as a clear zone between the membranes (Fig. 6A) . When the chloroplasts are illuminated, the stacking of the thylakoids becomes so compact that intraspace of the thylakoids can hardly be resolved even on the photographs at higher magnification (Fig. 6B) . The thickness of the thylakoid membranes was also reduced. When the thallus was again transferred into the dark, flattening of the thylakoid which was induced upon illumination was reversed completely, resulting in a similar configuration of thylakoids to that seen in the dark before illumination (Fig. 6C) . Now the intraspace of the thylakoid becomes wider and the individual thylakoid membranes can be clearly observed.
Since a light-induced change in the thickness of thylakoid membrane of both Porphyra and Ulva plastids was noted on electron micrographs, this was further analyzed by means of microdensitometry of electron microscope negatives to obtain more precise and quantitative information. The areas of thylakoids showing the sharpest profiles were selected and scanned perpendicular to the direction of the membrane by a microbeam of 50 , diameter on the microdensitometer. The results summerized in Fig. 7 show very clearly the light-induced thickness decrease of thylakoid membrane and also spacing decrease. The values (with standard deviation) are the average of more than 30 densitometry traces, which were obtained by scanning several selected areas of thylakoids in different electron microscope negatives taken at the same magnification (X 20,000). In Porphyra plastids in the dark before illumination the thickness (half-width) of the thylakoid membrane was 64 + 8 A, and this value was reduced to 49 + 4 A upon illumination, resulting in a 23 % decrease. In the case of Ulva chloroplasts, a reduction of the membrane thickness estimated at partition (two apposed thylakoid membranes) was 20%', and spacing (center-to-center distance) of stacked thylakoid membranes decreased from 198 + 10 A in the dark to 144 i 6 A in the light. The membrane thickness measured with single thylakoid membrane was 70 9 A in the dark and 53 7 A for illuminated chloroplasts.
DISCUSSION
It has clearly been established in the present investigation that electron transport-dependent changes in the structure of thylakoid membranes occur in chloroplasts in vivO of Ulva and Porphy.ra thalli. The most obvious changes observed by electron microscopy are in those in configuration of the thylakoid membrane system, i.e., a decrease in intraspace or flattening of thylakoid upon illumination, which is reversed in the dark. Photometric evidence observed is, therefore, reasonably interpreted as derived from such kinds of changes in chloroplast structure. Moreover, it has been shown in isolated chloroplasts that transmission changes correlate most closely with the changes in spacing of the thylakoid membrane (17) . A second type of configurational change is that of shape and ordering of thylakoids. This was shown more evidently in the case of Porphyira in which thylakoid changed from an irregular or undulating shape to a more stretched and ordered array with more regular intervals between membranes following illumination. It would appear that these configurational changes lead to the changes in volume, size, and shape of the chloroplasts observed in vivo. Thus, these results from marine algal chloroplasts confirm and extend previous studies of Kushida, Itoh, Izawa, and Shibata (13) and Packer, Barnard, and Deamer (23) showing light-induced flattening of chloroplasts in vivo.
In both Ulva and Porp/lvra, when flattening of the thylakoid has occurred, a more fundamental change at the level of molecular structure or conformation is also observed in that a decrease in the thickness of the thalakoid membrane itself is observed. A thickness change of the thylakoid membrane was first observed by Murakami and Packer (16) (5, 18, 22) and also movements of other ions in chloroplasts (2, 6, 9, 20, 22 (30) have demonstrated that pea chloroplasts isolated with intact outer membranes retain light-induced hydrogen ion uptake activity. Cummins, Strand, and Vaughan (3, 4) and Ben-Amotz and Ginzburg (1) have recently found a light-induced hydrogen ion uptake activity in thalli of Ulva species and intact cells of halophilic alga Dunaliella, respectively. These studies taken together with the present results strongly suggest that this sort of activity probably also occurs in the chloroplasts of Ulva and Porphyra species under the conditions employed in this study. If such activity is present, localized changes in pH4 could change the molecular structure of the thylakoid membrane according to mechanisms that have recently been shown to occur for isolated chloroplasts (17) and mitochondria (31) , where pHIdependent molecular conformational changes in membrane structure have been observed by various indirect photometric techniques and correlated electron microscopy Therefore, it seems reasonable to propose the relationship between light and the gross morphological changes in Ulva and Porphyra chloroplasts in vivo in the sequence as indicated by the arrows in Figure 8 .
There have been a number of studies in which light-induced ion movement in intact algal cells has been investigated. Scott and Hayward (26) and West and Pitman (29) have obtained evidence for the close correlation between cellular metabolism, especially photosynthetic reactions, and sodium and potassium effiux in Ulva lactuca. In these instances, the ion movements observed were very slow, since the experiments were not carried out to determine unidirectional translocation. Recently, Cummins, Strand, and Vaughan (3, 4) introduced an elegant technique with which the transport of ions from one external compartment to another one through the algal thallus can be followed, and they have demonstrated rapid light-induced extrusion of sodium and other cations like Rb+ and Sr2+ from the thallus of Ulva expansa which is accompanied by hydrogen ion uptake. From these results it is very reasonable to assume that there is an ion exchange across chloroplast envelope, tonoplast, and cell membrane in intact Ulva and Porphyra cells, resulting in the changes in ionic environment and osmotic properties which lead to volume, size, and shape changes of the chloroplasts in vivo and whole cells. 
